The heterogeneous nuclear ribonucleoproteins (hnRNPs) are a large family of nucleic acid binding proteins that are often found in, but not restricted to, the 40S-ribonucleoprotein particle. Subsets of hnRNPs are strictly nuclear while others shuttle between the nucleus and cytoplasm. Members of the hnRNP family have been implicated to have roles in many aspects of mRNA maturation/turnover and in telomere and telomerase regulation. Telomeres are repetitive DNA elements mainly found at the ends of human chromosomes. In most normal cells, telomeres shorten with each cell division. Telomere shortening can be compensated for by a ribonucleoprotein complex, called telomerase. Telomerase, consisting of an integral RNA and catalytic protein component as well as several auxiliary factors, extends the 3'-G-rich strand of the ends of the telomeres. Here we present new data and describe a model that implicates the telomerase bound hnRNPs in promoting telomere access by interacting with telomeres. Telomere bound hnRNPs include hnRNP A1, A2-B1, D and E and telomerase bound hnRNPs including hnRNPA1 C1/C2 and D. The telomere and telomerase bound hnRNPs may prove to be good targets for regulating telomere length.
The heterogeneous nuclear ribonucleoproteins (hnRNPs) are a large family of nucleic acid binding proteins that are often found in, but not restricted to, the 40S-ribonucleoprotein particle. Subsets of hnRNPs are strictly nuclear while others shuttle between the nucleus and cytoplasm. Members of the hnRNP family have been implicated to have roles in many aspects of mRNA maturation/turnover and in telomere and telomerase regulation. Telomeres are repetitive DNA elements mainly found at the ends of human chromosomes. In most normal cells, telomeres shorten with each cell division. Telomere shortening can be compensated for by a ribonucleoprotein complex, called telomerase. Telomerase, consisting of an integral RNA and catalytic protein component as well as several auxiliary factors, extends the 3'-G-rich strand of the ends of the telomeres. Here we present new data and describe a model that implicates the telomerase bound hnRNPs in promoting telomere access by interacting with telomeres. Telomere bound hnRNPs include hnRNP A1, A2-B1, D and E and telomerase bound hnRNPs including hnRNPA1 C1/C2 and D. The telomere and telomerase bound hnRNPs may prove to be good targets for regulating telomere length. Oncogene (2002) 21, 580 ± 583. DOI: 10.038/sj/onc/ 1205086 Keywords: telomerase; telomere; hnRNP Telomeres can be maintained by a specialized ribonucleoprotein reverse transcriptase, called telomerase that is minimally composed of a functional template' RNA and a catalytic protein that contains conserved reverse transcriptase motifs (Feng et al., 1995; Greider and Blackburn, 1989; Lingner et al., 1997b; Meyerson et al., 1997a; Nakamura et al., 1997) . Auxiliary proteins of human telomerase include heterogeneous nuclear ribonucleoproteins (hnRNPs) A1, C1/C2, and D (Eversole and Maizels, 2000; Ford et al., 2000; LaBranche et al., 1998) , the snoRNA binding proteins dyskerin and hGAR1 (Dragon et al., 2000; Mitchell et al., 1999a) , molecular chaperones p23/hsp90 (Holt et al., 1999) , hStau, L22 (Le et al., 2000) , the La autoantigen (Aigner et al., 2000; Ford et al., 2001a) , and TEP1 (Harrington et al., 1997) . It is likely additional auxiliary proteins of human telomerase still remain to be identi®ed since native human telomerase has an estimated mass of over 1000 kD and may function as a homodimer (Schnapp et al., 1998; Wenz et al., 2001) . In addition, the Euplotes telomerase has a developmentally regulated complex with an estimated mass of up to 5 MDa (Greene and Shippen, 1998) .
Several observations suggest that hnRNPs are important for telomere biology. First, hnRNP A1, hnRNP D and hnRNPs C1/C2 are capable of interacting with the human telomerase holoenzyme (Eversole and Maizels, 2000; Ford et al., 2000; LaBranche et al., 1998) . Second, hnRNPs A1, A2-B1, D and E and hnRNP homologous proteins from other organisms can associate with the single stranded telomeric repeat sequence in vivo (Dallaire et al., 2000; Ding et al., 1999; Erlitzki and Fry, 1997; Ishikawa et al., 1993; Johnston et al., 1999; McKay and Cooke, 1992; Sarig et al., 1997) . Third, hnRNPs including those found to associate with telomerase and telomeres are integral components of the nuclear matrix (Gallinaro et al., 1983; Gohring and Fackelmayer, 1997; Mattern et al., 1996 Mattern et al., , 1997 Mattern et al., , 1999 van Eekelen and van Venrooij, 1981; Weighardt et al., 1999) . The nuclear matrix is a putative attachment site for telomeres making it possible that hnRNPs and telomeres are in close proximity if not directly associated (de Lange, 1992; Luderus et al., 1996; Smilenov et al., 1999) . Fourth, short telomeres in hnRNP A1 de®cient mouse CB3 cells are elongated after reconstituting hnRNP A1 expression (LaBranche et al., 1998) . This eect of hnRNP A1 on telomere length is not due to A1-induced alternative splicing, since expressing the proteolytic fragment of hnRNP A1, UP1, that does not in¯uence alternative splicing, also increases telomere length in the hnRNP A1 de®cient mouse cells.
Heterogeneous nuclear ribonucleoprotein C1/C2 binds directly and speci®cally to a six base U-rich tract located just 5' to the hTR template region. While deletion of the six base U-rich tract in the context of the full length human telomerase RNA does not signi®cantly in¯uence telomerase activity in cell extracts, this deletion does abolish the ability of hnRNP C1/C2 to associate with the telomerase holoenzyme. The hnRNP A1 protein binds to the ®rst 71 bases of the human telomerase RNA in vivo (Fiset and Chabot, 2001 ). The mouse telomerase RNA lacks the six base U-rich tract found to associate with hnRNP C1/C2 and is lacking the ®rst 45 bases 5' to the template (Hinkley et al., 1998) . The hnRNP C1 and C2 proteins are able to bind eectively to another U-rich tract found in mTR suggesting a conservation of binding of hnRNPs to mouse and human telomerase RNAs. Figure 1 illustrates that hnRNP A1 monoclonal antibody can immunoprecipitate telomerase. This result shows that hnRNP A1 can bind to telomerase. It has not yet been determined if the hnRNP A1 binding site in hTR is required for its interaction with the telomerase holoenzyme or if hnRNP A1 can interact with the mouse telomerase RNA lacking 45 bases of the identi®ed 71 base region found in the human telomerase RNA. It is not known if hnRNP family members other than those currently identi®ed are also associated with the telomerase holoenzyme or telomeric DNA. Since hnRNPs are often found in complexes with each other (LeStourgeon et al., 1978) , it is possible that a complex of hnRNPs bind to the telomerase holoenzyme at dierent locations in close proximity and that additional hnRNPs may also associate with telomerase and telomeres.
In yeast, the ability of telomerase to access the telomere is at least in part mediated by est1 which can bind to the telomerase holoenzyme through an interaction with the TLC1 RNA and to single stranded telomeric overhangs (Evans and Lundblad, 1999; Steiner et al., 1996; Zhou et al., 2000) . Mutations in Est1 do not have an eect on telomerase activity but do in¯uence telomere length (Cohn and Blackburn, 1995; Lendvay et al., 1996; Lingner et al., 1997a) . Similarly, mutations in the hnRNP C1/C2 binding site in the human telomerase RNA do not in¯uence telomerase activity (Ford et al., 2000) . In addition to est1, the DNA binding protein Ku in yeast interacts with telomeres in vitro and in vivo Hsu et al., 1999) and in¯uence telomere biology through an association with the yeast telomerase RNA (Peterson et al., 2001) . Therefore, the ability of telomerase to function on telomeres appears to rely on associations with factors that have anities for both the telomerase RNA and telomeric DNA. The ends of human chromosomes contain 3' G-rich single stranded DNA overhangs that are initiation sites for elongation by telomerase. The human single-stranded TTAGGG repeat overhang may associate with hnRNP A1, A2-B1, C1/C2 and D. Although hnRNPs C1/C2 have been found to co-localize with telomeric binding proteins TRF1 and TRF2 in interphase nuclei by immuno¯uoresence (Ford et al., 2000) they have not been shown to bind directly to telomeric DNA. hnRNP C1/C2 may bind telomeres through proteinprotein interactions with other hnRNP proteins.
Electron microscopic examination of telomeres has revealed that the telomere ends can form higher order structures called t-loops (Grith et al., 1999) . The tloops are structures that are believed to form by invasion of the single-stranded 3' G-rich end into the duplex part of the telomere repeat, forming a displaced strand that should form a single-stranded D-looped out region. Figure 2 shows two models on how telomerase may be recruited to the telomere through telomerase and telomere-associated hnRNP proteins. The human telomerase holoenzyme is shown containing the human telomerase template RNA (drawn as a line and labeled hTR). The catalytic protein component hTERT, hnRNPs, Tep1, p23/hsp90, La, snoRNA-binding proteins and L22, hStau and additional unidenti®ed components (others) are drawn as shaded circles. The telomeres are drawn in two conformations. In the tloop model (upper part), the single-stranded region would be the displaced strand generated by the invading 3' G-rich end. The single-stranded displaced strand (d-loop) is shown associating with the hnRNP proteins A1 but others such as A2-B1, D and E may also bind. Either before or after telomerase is recruited to the telomere, the t-loop would open and expose the free 3' overhang which telomerase could extend. The model in the lower panel depicts the telomere in which the 3' G-rich single-stranded DNA is not invading and is bound directly to the hnRNP proteins. This unfolding of the t-loop might in part be catalyzed by an exchange reaction, in which the hnRNPs switch positions from the G-rich strand of the d-loop to the G-rich single-stranded overhang. In either case, telomerase might be recruited by the hnRNPs to extend the 3' single-stranded G-rich overhang. This model is supported by the observations that not only can hnRNP A1 interact simultaneously with the Figure 1 Antibody against hnRNP C1/C2 and A1 immunoprecipitate telomerase activity. The experiment was performed exactly as described previously (Ford et al., 2000) . Brie¯y, extracts derived from H1299 lung cancer cells were mixed with protein G agarose beads (No Ab) or with protein G agarose beads pre-coupled to hTERT, hnRNP C1/C2 or hnRNP A1 antibody and incubated at 48C for 1 h. The reaction was washed extensively with cell lysis buer and tested for telomerase activity using the TRAP reaction with the indicated amount of cell equivalents Oncogene Telomere and telemerase: role of hnRNPs LP Ford et al human telomerase RNA and telomeric sequences (Fiset and Chabot, 2001) , that hnRNP D can bind telomeric DNA directly in addition to the telomerase holoenzyme (Eversole and Maizels, 2000) , but also that other hnRNPs bind either telomeres (A2-B1, E) or telomerase (C1/2) and that all of these factors can interact with each other to form a macromolecular hnRNP complex.
Although the model is consistent with experimental results, there are several issues making it dicult to assess if hnRNPs are in¯uencing telomere biology in a direct and speci®c fashion in vivo. First, hnRNPs are some of the most abundant nuclear proteins. Second, hnRNPs have a vast array of functions that can in¯uence gene expression, so that mutating or knocking out an hnRNP could lead to many indirect secondary eects on telomerase or telomeres. Third, hnRNPs may act as a unit and loss of one part may not lead to the complete loss of function of the whole process and thus subtle eects may not be easy to detect. Fourth, alterations in hnRNP binding do not appear to alter telomerase activity in cell extracts or reconstituted systems (which are easier to measure), while the available evidence suggests that hnRNPs are involved in telomere structure and/or recruitment of telomerase to the telomere (which at present is much more dicult to evaluate). Therefore, having a good assay to determine the eects on telomere length homeostasis in human cells of speci®c mutations in the sites in hTR to which hnRNPs bind would be a valuable tool in addressing these issues. This is dicult in most cells due to competition from the endogenous wild-type hTR and the inability to signi®cantly over express this RNA (Mitchell et al., 1999b) . Recently, we described a model system that could be used to determine the role of telomerase-associated proteins including hnRNPs in telomere length regulation in living cells. SV40 large T-antigen expressing human VA13 ®broblast cells, which normally maintain long and heterogeneous telomeres using telomerase-independent methods, do not express either hTR or hTERT. When hTR and hTERT are expressed in these cells, the Figure 2 Connecting the telomerase RNP to the telomere. The human telomerase holoenzyme is shown with hTR, hTERT, and shaded circles representing the hnRNPs, p23/hsp90, TEP1, Box H/ACA snoRNA binding proteins, La and other proteins that can bind to the telomerase holoenzyme. The telomere is shown in two distinct structures. The upper panel shows a telomere containing a t-loop structure where the hnRNPs are bound to the displaced strand. The lower panel depicts the telomere with a free 3' G-rich overhang that is bound directly by hnRNP proteins. An arrow is drawn from the hnRNPs on the telomerase holoenzyme to the hnRNPs on the telomere, to indicate that multimeric complex formation by the dierent hnRNPs may help recruit telomerase to the telomeres telomeres become short and homogeneous and use the telomerase-based mechanism of telomere maintenance (Ford et al., 2001b) . Thus, variants of hTERT and hTR that speci®cally aect hnRNP-binding sites could be tested in this system to provide useful information on telomere and telomerase regulation by heterogeneous nuclear ribonucleoproteins.
